Abstract. The damage to the track structure and the influence to the line deformation have greatly deteriorated with the increase of the axle load compared with that of the ordinary trains. However, there is a paucity of experimental research on the dynamic influence of the heavier haul freight trains on the railway tracks. The objective of this study is to investigate the dynamic behaviour of heavy-haul railway track induced by heavy axle load by field experimental tests. The wheel-rail dynamic force, the track structure dynamic deformation and the track vibration behaviour are measured and analysed when the train operates in the speed range from 10 to 75 km/h and the axle load of vehicles varies from 21 to 30 t. Comparisons between the results for the axle conditions of 25 and 30 t are made in this paper to reveal the axle load effects. It is demonstrated that part of the indicators reflecting the dynamic behaviour of the railway track increases approximately linearly with the train running speed and axle load, while others are influenced negligibly.
Introduction
Heavy-haul transport has been widely concerned worldwide due to its advantages such as large transport capacity, high efficiency, and low transportation costs. This transportation mode is one of the major trends for freight transportation development, where expanding train formation and increasing axle load are two basic methods. As one of the basic methods, increasing the axle load has exhibited an important role in the development of heavyhaul transport. This method has been broadly adopted by all the major countries. With the increase of the axle load, the dynamic interactions between the rails and the wheels become more serious, for this reason it is highly necessary to ensure the safety of the railway track structure systems. The serious wheel-rail dynamic interactions are much more likely to cause damages or failures to the railway structural elements during their transmission to the ground through rails, sleepers and ballast bed. Therefore, a deep understanding of the dynamic performance of the railway tracks under heavy axle-load is required.
Nowadays, a number of numerical studies have been carried out to evaluate the performance of railway track structure induced by moving load (Filippov 1961; Sheng et al. 1999; Vostroukhov, Metrikine 2003; Chupin et al. 2014) . However, it is quite difficult to obtain the precise dynamic response of the track structure theoretically due to the complexity of the interactions between the vehicle system and the railway system. As one of the most important methods, field-testing is usually employed in the dynamic investigations of the railways. Experimental investigations including wheel-rail force and sleeper acceleration (Askarinejad et al. 2013) , the ballast acceleration (Zhai et al. 2004) , the dynamic behaviour and the settlement of ballasted tracks (Al Shaer et al. 2008 ) and other studies (Remennikov, Kaewunruen 2006; Coelho et al. 2011) were carried out. Aiming to study the impact of heavy axle load running on the track structure, some field experiments were performed by Transportation Technology Center, Inc. (https://aar.com) (a wholly owned subsidiary of the Association of American Railroads (AAR)) since 1988 from the perspective of railway maintenance (Zeng 1988) . These experimental studies indicate that the damage to the track structure and the influence to the line deformation greatly deteriorates with the increase of the axle load compared with the ordinary trains one.
The dynamic behaviour of the track structure induced by heavy-haul trains is determined by many complicated factors such as the train speed and the axle load. Employing numerical and experimental methods, researchers has investigated the effect of train speed, axle load and other vehicle parameters on railway track structure (Kouroussis et al. 2012; Remennikov, Kaewunruen 2008) . The effect of the train speed on the dynamic response of the vehicle and track systems under the condition of one partially supported sleeper was studied by Young and Li (2003) , depicting that the effect of train speed will enlarge the deformation of that sleeper unsurprisingly. Kouroussis et al. (2014) comprehensively reviewed the vehicle characteristics, focusing on different train types on vibration propagation and numerical modelling approaches, and their results suggested that train type and contact conditions influenced vibration remarkably. Recently, Colaço et al. (2016) analysed the effects of vehicle mass and spacing of wheels and bogies on ground-borne vibration and found that the unsprung mass affected the vibration level greatly while semi-sprung mass and wheel/bogie spacing had negligible effect. However, the indicators in previous articles seem to be insufficient and not precise enough. Further studies on revealing the relationship between train parameters and railway track dynamic behaviour are required.
Aiming to investigate the dynamic behaviour of the heavy-haul railway track under heavy axle load condition and to present detailed analysis on the relationship between the railway dynamic indicators and the axle load/ train speed, field experimental tests on the dynamic performance of heavy-haul freight trains in Chinese ShuoHuang railway line were carried out during the period from 28 August to 18 September 2015. The test site in the Shuo-Huang heavy-haul railway line is shown in Figure 1 . With information on the dynamic effect of the ballast track in heavy-haul condition provided, a better understanding on the dynamic behaviour of the railway structure is presented and it is expected that this may provide assistance to the researchers for the validation of their numerical models of the heavy freight train system.
Field experimental test on dynamic performance of heavy-haul railway track
In this field experimental test, some dynamic indicators such as the wheel-rail dynamic force, the track structure deformations, and the track structural vibrations, were measured when the heavy-haul trains operate in the speed range of 10…75 km/h. The axle load of the vehicles in the tested heavy-haul train varies from 21 to 30 t. In this test, the measured indicators consist of wheel-rail lateral/vertical forces, rail lateral/vertical displacements, sleeper vertical displacement, rail vertical acceleration, sleeper vertical acceleration, and ballast bed vertical acceleration.
Test conditions
In order to acquire the railway dynamic evaluation data, the data detection system was instrumented by data acquisition devices with multi channels, accelerometers, displacement sensors, strain gauges and sensor cables. A view of the test setup is presented in Figure 2 .
The field experimental tests were performed in the position of K70 + 939 (kilometre mark) in the upline of the Shuo-Huang heavy-haul railway. A curve section of ShuoHuang railway line was selected for the tests. The main parameters of the track are listed in Table 1 . The ballast follows the Class A level in Chinese railway standards as regards the particle size, graduation and other properties of the ballast material at the test site. The embankment foundation was constructed according to Chinese railway standards. The track substructure was fairly uniform along the length of the test site.
Two specialized types of heavy-haul testing trains, namely 5400 and 23000 t formation trains, were adopted in the test. The 5400 t train was formed by a locomotive, a passenger vehicle for working and three kinds of vehicles, which are KM98, KM98AH and under filling KM98 (28 t axle load). The 23000 t train was formed by a locomotive, a passenger vehicle for working, 100 KM98AH freight vehicles, a locomotive and 90 KM98 freight vehicles. The characteristic lengths of the KM98 vehicle and the two different formations of the test trains are shown in Figure 3 .
Most of the axle load of the freight vehicles in the test train introduced above is 30 t unless otherwise specified. In addition to these special test trains, other typical vehicles passing by were also adopted, such as C64K (21 t axle load), C70 (23 t axle load) and C80 (25 t axle load). 
Test methods
A large amount of researches on the structural monitoring has been undertaken recently under the development of high-speed and heavy-haul rail lines (Zhai et al. 2014; Kouroussis et al. 2016) . Kouroussis et al. (2015) , focusing on stress-based solutions, reviewed conventional and non-conventional methods to monitor the train traffic and presented their advantages and limitations. Despite of the disadvantage of electromagnetic interference, owning to its low expense, conventional strain gauge sensors are still one of the most accurate approach to detect the dynamic load, which has been widely adopted by recent researches (Zhai et al. 2013 (Zhai et al. , 2014 Zhang et al. 2016) . In this paper, the test methods for wheel-rail dynamic forces employed in Chinese railway Standard TB/T 2489-1994 were adopted herein. Moreover, the test methods for deformations and vibrations of track structure proposed by Zhai (2015) were referenced.
Wheel-rail dynamic force
As shown in Figure 4 , the multiple-element shear strain gauges were installed on the rail web and rail bottom to measure the wheel-rail vertical and lateral forces. To determine the vertical wheel-rail force, eight gauges were attached to the rail web at the positions near the neutral axis, 110 mm far from the mid-span of the sleepers, and keeping the strain gauge gridlines at 45° relative to the rail axis. These strain gauges were then connected to form a full bridge circuit. Similarly, in order to collect the lateral wheel-rail force signals, other eight strain gauges were attached to the rail bottom 20 mm far from its edge, 110 mm far from the mid-span of the sleepers, keeping the strain gauge gridlines at 45° relative to the rail axis. Then, a full bridge circuit was constructed.
Deformations of track structure
The displacement sensors used in the dynamic deformation test of the track structure were installed as shown in Figure 5 . The measurement range is -10…10 mm, and its sensitivity coefficient is 0.500 V/mm. Before testing, two steel columns were planted into the subgrade bed. Then, the displacement sensors were fixed on the steel columns using homemade fixtures. It should be noticed that ensuring the thimbles of the displacement sensors in contact with the insulating boards on the bottom surface of the rail, a side of the rail-head and the upper surface of the sleeper are required. 
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Vibration of track structure
Vibration responses of rail, sleeper and ballast have been measured and are shown in Figure 6 . The accelerometers for the rail vibration measurement were mounted on the top surface of the rail bottom, and those for sleeper vibration measurement on the top of the sleepers. The measurement range of the rail accelerometer is (0…1000) ⋅ g (g = 9.8 m/s 2 ), and that for the sleeper accelerometers is (0…50) ⋅ g. The effective frequency range of both the rail and the sleeper accelerometers is 0.5…10000 Hz. It should be noted that the extrusions on the accelerometers and sensor cables induced by ballast particles should be avoided during the process of ballast bed vi- bration measurement. Consequently, the accelerometers were fixed to the PVC pipe with a special protective box, and the sensor cables buried in ballast bed were wrapped with rubber hoses. The bottom of the protective box was designed as a square sheet to facilitate the positioning of the box, so as to keep the accelerometer in the vertical direction. In order to reduce the effect of the box on the measured acceleration signals as much as possible, the dimensions of the protective box were designed to be similar to the ballast particles, and it is expected not to change the ballast bed structure. Before testing, the ballast particles under the sleepers at the test section were clawed, and then the sensors were placed vertically under the sleepers at a depth of 300 mm.
Data acquisition
A portable data acquisition system was employed to collect the signals. The data acquisition plan was programmed in imc DEVICES (https://www.imc-tm.de) with the sampling frequency of 1000 Hz for the dynamic force and displacement testing, and with 10000 Hz for the acceleration testing. This sampling frequency ensures that the high-frequency dynamic impacts and the corresponding structural responses can be captured during the test.
Results and discussions
Analysis on the measured time histories results
The wheel-rail dynamic force was calculated by the recorded microstrain signal and a calibration coefficient. The displacement and the acceleration signals were obtained by multiplying the corresponding recorded voltage values with the calibration coefficients, which were determined by the sensitivity of the sensor and the gain of the amplifier and the recorder. Figure 7 shows an example of the time history of the collected microstrain signal from the shear gauge bridge on the vertical force of the outer rail when the 5400 t test train runs at the speed of 60 km/h. The initial reading and the significant microstrain peak value generated by each passing wheel are clearly observed. As is shown, the average values of the peaks for vehicle show higher amplitude compared with those for locomotive. Moreover, since distances between bogie centres for a locomotive and a vehicle are different, the recorded results on the time histories exhibit different shape.
The time histories of the measured wheel-rail dynamic forces and vibrations are shown in Figures 8 and 9 , respectively. Here the 5400 t formation train runs at the speed of 75 km/h. It can be seen in Figure 8 that the wheel-rail 
lateral and vertical forces of the locomotives can be clearly distinguished from that of the wagon vehicles by the signal amplitude and shape. The peak value of the wheel-rail lateral force lies in the range of 16.2…21.8 kN, and that of wheel-rail vertical force is in 148…227 kN.
Similarly, the time histories of the rail lateral displacement, rail vertical displacement, sleeper vertical displacement, rail vertical acceleration, sleeper vertical acceleration and ballast vertical acceleration are collected, which are shown in Figure 9 . It can be seen that the peak value of the rail lateral displacement is in the range of 0.45…0.61 mm, and that of the rail and the sleeper vertical displacements are 1.97…2.10 and 0.97…1.07 mm. The measured peak values of the vertical acceleration for the rail, the sleeper vertical acceleration and the ballast vertical acceleration were found to be in the range of (6.77…11.96) ⋅ g, (0.54…1.22) ⋅ g and (90.32…0.81) ⋅ g, respectively. Based on the measured data, the vibration transfer ratio of rail, sleeper and ballast bed can be calculated, which is 12.49:1.52:1.
Variations of the statistical indicators
The peak values of the collected time histories were extracted and analysed. Prior to extraction of the peak signals, the recorded data were filtered using the filters whose algorithm was selected on the base of the concerned frequency components and the data characteristics. An 80 Hz low-pass filter on the wheel-rail lateral/vertical force and a band-stop filter between 49.9 and 50.1 Hz for elimination of the Chinese AC power frequency (50 Hz) induced interference were adopted in this study. Since experiments under the same conditions were conducted for several times, the averaged experimental data were used in the analysis of this paper. Then, a linear fitting algorithm was employed to obtain the variations of the statistical indicators with the influencing factors. The fitting function is depicted as:
where: b 0 is the intercept; b 1 is the slope (it should be noted that the fitting function is only used for describing the variation trend of the results in this test, not for the future prediction).
Comparison of all indicators between two different conditions
To investigate the influence of the heavier axle load on the dynamic response of the railway track, a comparison of all the indicators on both rail sides between 25 t axle load condition and 30 t axle load condition can be listed in Table 2 . It is shown that compared with the 25 t axle load condition, the peak values of the wheel-rail lateral/vertical force, rail lateral displacement, sleeper/ballast and bed vertical acceleration under 30 t axle load show 17, 10, 10, 7 and 30% growth for outer rail side and 14, 7, 5, 18 and 30% growth for inner rail side, respectively. However, the peak values of rail vertical displacement and acceleration show a little growth, namely 0, 2% for outer rail side and 4, 2% for inner rail side, respectively. It can be concluded that the increasing axle load influences vibrations and wheel-rail forces more than the deformations.
Moreover, a growth trend can be observed for the percentage of indicators on both sides, which implies that the axle load effect is more relevant on the bottom of the structure. The outer and the inner rail side do not show obviously different increase. It can be concluded that the axle load affect the outer and the inner rail sides similarly.
Effect of the train speed
With the increase of the train speed, the statistical indicator, namely the peak value of the measured signals, exhibits different changing tendencies. Figures 10 and 11 depict the variations of the peak value for all the measured indicators on outer rail side with the train speed varying from 10 to 75 km/h. The axle loads of the vehicles are 30 t. In these figures, the horizontal axis indicates the train speed selected for testing and the vertical axis represents the averaged peak values of the corresponding indicators. Furthermore, the peak values of these indicators appear to be linear with the train speed.
The statistical relationships between the wheel-rail lateral and vertical forces and the train running speed are illustrated in Figure 10 where all the operation conditions are kept unchanged except the running speed. It can be seen that the lateral force increases linearly with the train running speed. The quantified relationship can be obtained by fitting linearly the wheel-rail lateral force and the train running speed, and the obtained equation is shown in this figure. While for the wheel-rail vertical force, it varies from 181.4 to 187.2 kN with the increase of the train running speed. However, the slope of the fitted line for the wheel-rail vertical force shown in Figure  10b is much more gently than that for the lateral force in Figure 10a . This implies that the wheel-rail vertical force is not much sensitive to the train running speed as the wheel-rail lateral force.
The effect of the speed on the impact force from different impacts has been studied analytically and experimentally by researchers: Wu and Thompson (2002) , Esveld (2001) , Auersch (2010) . Wu and Thompson (2002) analytically studied the wheel flats impact and found that for different types of wheel flat, the effect of train speed on the impact force is different. Esveld (2001) studied the bad welds and found similar signal shapes to those from wheel flats. It is worthy to be noted that even if the dynamic amplification of the impact forces from bad welds substan- tially increases with the increments of the train speeds in a large range, and a decreasing trend can be found in the speed range of 45…75 km/h. In this test, the train speed in the range of 40…75 km/h is taken into consideration and it can be seen that the magnitude of the wheel-rail vertical force is independent on the train speed. The statistical indicators extracted from the measured variation of the peak value of the rail lateral displacement with train running speed is shown in Figure 11a . As the train speed increases, the peak value of lateral displacement varies in a small range, namely 0.71…0.77 mm. In addition, the variation tendency is non-monotonic as the growth of the train running speed. Figure 11b shows the peak value variation of the measured rail vertical displacement with respect to train running speed. It varies from 1.82 to 2.09 mm with the similar tendency as the wheel-rail lateral force that is shown in Figure 11a . Meanwhile, the sleeper vertical displacement was also measured in the field test. Figure 11c illustrates its variation in 0.98…1.04 mm with the train speed increasing. Furthermore, it can be also observed that the changing tendency of the sleeper vertical displacement is in accordance with the rail vertical displacement shown in Figure 11b . It should be noted that the ratio of the peak value of the rail vertical displacement to that of the sleeper is 1.92. A conclusion can be derived from Figures 11a-c , that the train running speed has just a little effect on the rail lateral/vertical displacement and on the sleeper vertical displacement.
It is worthy pointing out that in Figures 10a and 11a , the wheel/rail lateral force exhibits a different trend compared with the rail lateral displacement with the increasing train speed. This may be due to the fact that the peak values of the rail lateral force are in a weak peak range (no more than 22 kN).
Variations of the vertical acceleration peak values of the rail, the sleeper and the ballast bed as the increase of the train running speed are displayed in Figures 11d-f . As shown in Figure 11d , peak values of the rail vertical acceleration present an increase trend in the whole speed range for the test from 10 to 75 km/h. The peak value reaches its maximum (9.77 ⋅ g) at the speed of 75 km/h. Figure 11e illustrates how the sleeper vertical acceleration changes as train speed increases, and similarly an approximate linear relationship can be found. It reaches the maximum (1.18 ⋅ g) at the speed of 75 km/h. Figure 11f shows the variation of the peak value of the ballast bed vertical acceleration with the increase of the train running speed. It can be found that as the train speed increases, the peak value increases linearly to the maximum value (0.61 ⋅ g).
Effect of the axle load
Variations of the peak value for all the measured indicators with axle load varying from 21 to 30 t are shown in Figures 12 and 13 . The train speed is 70 km/h. In these figures, the horizontal axis indicates the axle load, which varies from 21 to 30 t, and the vertical axis represents the averaged peak values of the corresponding indicators.
Statistical relationships between the wheel-rail lateral force and the axle load are shown in Figure 12a where all the operation conditions are kept unchanged except the axle load. It can be seen that the lateral force changes irregularly as the axle load increases. Comparing with Figure 10a , it can be inferred that the lateral force is impacted by the train speed more than the axle load. Figure 12b illustrates the variation between the wheelvertical force and the axle load. The wheel-rail vertical forces under 21, 23, 25, 28 and 30 t axle load are 151. 72, 158.99, 169.44, 177.98 and 185 .64 kN, respectively. A linear growth of the wheel-rail vertical force is observed in Figure 12b as axle load increases. It can be seen that the axle load is one of the most important factors influencing wheel-rail vertical force.
Figures 13a-c illustrates the variation of the peak value of the rail lateral displacement, the rail vertical displacement and the sleeper vertical displacement. As the axle load increases, the peak value of rail lateral displacement varies from 0.71 to 0.77 mm. Compared with Figure 11a , it can be concluded, that neither the axle load nor the train speed influences the rail lateral displacement significantly in the train speed range of 10…75 km/h and the axle load range of 21…30 t. Figure 13b shows the peak value variation of the measured rail vertical displacement versus the axle load. It can be found that peak values of the rail vertical displacement under 21, 23, 25, 28 and 30 t axle load are 1.872, 1.885, 1.921, 1.962 and 1.921 mm, and this variation tendency is in accordance with the wheel-rail vertical dynamic force. Figure 13c illustrates an increasing trend of the peak value from 0.87 to 0.99 mm as the axle load increases. Meanwhile, it can also be observed that the trend is in accordance with that in the rail displacement shown in Figure 13b . It should be noted, that the ratio of the peak value of the rail vertical displacement to that of the sleeper is 2.05. A conclusion can be derived from Figures 13a-c that effect on the rail lateral/vertical displacement and on the sleeper vertical displacement are not significant.
Variations of the vertical acceleration peak values of the rail, the sleeper and the ballast bed as the increase of the axle load are shown in Figures 13d-f . As axle load increases from 21 to 30 t, peak values of the rail vertical acceleration vary from 9.20 ⋅ g to 10.93 ⋅ g. A slow growing trend can be observed from Figure 13d . Comparing with the peak value of the rail vertical acceleration under 21 t axle load, the peak value under 30 t shows 15% growth. Figure 13e illustrates the changing tendency of the sleeper vertical acceleration, and it reaches the maximum under the axle load of 28 t. The peak values under 21, 23, 25, 28 and 30 t are 0.75 ⋅ g, 0.585 ⋅ g, 0.845 ⋅ g, 1.03 ⋅ g and 0.90 ⋅ g, respectively. As a result, in comparison with the peak value of the sleeper vertical acceleration under 21 t axle load, the peak value under 30 t axle load increases by 12%. Peak values of the ballast vertical acceleration are shown in Figure 13f . It can be found that with an increasing axle load, the peak value of the ballast bed vertical acceleration exhibits a slow growing trend. Compared with the peak value of the ballast bed vertical acceleration under 21 t axle load, the peak value under 30 t axle load shows a 10% growth.
Conclusions
A field experimental test on the dynamic behaviour of a heavy-haul railway track structure was performed on Shuo-Huang railway in China. During the test, the trains ran on the ballast track with several running speed levels from 10 to 75 km/h, and the axle load level varies from 21 to 30 t. The time history results record the amplitudes of all indicators, the shapes of signals induced by different types of vehicles, and other implicit information. The tested results for 25 and 30 t axle load conditions are compared, so that increments of different indicators can be revealed and expected to be used for practical guidance. Besides, the discussion on the effects of the train speed and the axle load may inspire new thinking on predicting dynamic behaviour of the railway track structure as the train speed and the axle load continue to increase. Some conclusions can be drawn from this study as follows: 1. conventional testing methods can effectively measure the dynamic behaviour of railway track structure, and the corresponding time history results are presented. Under the 30 t axle load and 75 km/h train speed conditions of this test, the peak values of the wheel-rail lateral force, the wheel-rail vertical force, the rail lateral displacement, the rail vertical displacement, the sleeper vertical displacement, the rail vertical acceleration, the sleeper vertical acceleration and ballast vertical acceleration lie in the range of 16.2…21.8, 148…227 kN; 0.45…0.61, 1.97…2.10, 0.97…1.07 mm; (6.77…11.96) ⋅ g, (0.54…1.22) ⋅ g and (0.32…0.81) ⋅ g, respectively; 2. the axle load affects the vibrations and the wheelrail force more than deformations. The vibration increases in the propagation from the rail to the ballast bed. A similar effect can be found on both the inner and the outer rail sides; 3. the results of this test demonstrate that the wheelrail lateral force is affected by the train speed significantly, and the wheel-rail vertical force is influenced by the axle load considerably. Neither the train speed nor the axle load exhibit an obvious effect on the structure dynamic deformations in this shortterm test. Linear upward tendencies are exhibited with the increase of the train running speed and the axle load for the structure dynamic vibrations. However, the impact of the train speed is more obvious than that of the axle load on the dynamic vibration performance of the track structure. It is worth pointing out that the long-term service performance of the railway track is likely to be affected by the axle load, which is necessary to be further studied in the future. 
